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An investigation has been conducted in the Cleveland altitude
wind tunnel to determine the operational and perfomtanc8 uharacter-
i&ice of an axial-flow gae turbine-propeller engine. Aa a part c&
the investigation, windmilling characteri8tice  were detelmined for
a range of altitudes frcan 5000 to 35,000 feet, true airspeeds frau
100 to 273 miles per hour, and propeller-blade  anglee from 40 to 46°.

The desirability of feathering the propeller of an inoperative
engine was indicated by the high windmilling epeede and high drag
values otherwise obtained. Mrapolation of the data showed that
excessive windmilling epeede would be reached for mpeller-blade
angles from 50 to 41° at a true airepeed of 500 mileie per hour. At
an altitude 09 35,COO feet, a true airspeed of 273 milea per hour,
and a popeller-blade  angle of 38', the dragharsepower cd? theteet
in&allation wae! 505. When the propeller-blade angle was decreased
to 6O, with a true airspeed in the t-1 of 255 miles per hour,
the drag horsepower of the installation increased to 264f. For all
conditions, maximum engine windmilling speed wae obtained at
propeller-blade angles between 10° and M". The application of
generalizing factor8 to engine windmilling speed, air flow, and
combustion-chamber preseure drop gave good resulte.

An investigation haa been conducted in the Cleveland altitude
wkd tunnel to determine the operational and performance character-
istics of an axial-flow gas turbine-propeller engine. The perform-
ance characteristic8  are preeented in reference 1.

As a part of the inveetigation, the windmilling characteristics
were obtained for a range of altitudes fKm 5OOC to 35,000 feet,
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true airspeeds from 100 to 273 miles per hour, and propeller-blade
snglee frcm 4' to 46O. The windmilling speed, the air flow, and
the drag are presented for the range of simnrlated  flight condition5
inve5tigated. Over-all pressure dlstrlbutions  through the engine
and prtpeure surveys ateachof themeasuringstations  are shown
for the maximum windmilling speed at each simulated flight condi-
tion, A complete tabulation of the data IS presented. Ho correc-
tion has been made for the tunnel blotting effects of the propeller.

Components  of the T31 g&s turbine-propeller engine include a
14-5tage axial-flow compressor, nine cyli.ndrlcal  counterflow cau-
bustion chsmbers, end a single-stage  turbine. Power is trsns-
mitted to the propeller by two stages of planetary gesrs having an
over-all reduction ratio af 11.3513:1. A four-blade supsrhydro-
matic propeller  (hub design 4260) 12 feet, 7 inches in diameter was
used. Automatic and manual propeller control5 and a blade-angle
Indicator were provided for this investigation. The blade-form
curves for this propeller  are shown in figure 1.

The engine was mounted in a specially designed ting nacelle
installed in the 20-foot-dismeter test section of the altitude wind
tunnel (fig. 2). Air was supplied to the engine by two ducts having
openings in the leading edge of the wing, as shown in figure 3.
Temperature andpresauremeasurements were obtained at eight sta-
tions along the path of air flow through the installation. A more
cauplete description of the engine and test InstaUation is given
in reference  1.

Each series of conditions wss obtained by varying the propeller-
blade angle sndmaintaintigconstant altitudeandtrue airspeed.
The investigation was conducted at approxhately IUCA standard
altitude condltbn5.

The following symbols

A cram-8 ectional

are used in the calculations:

area, sqwwe feet

D/so windmilling drag coefficient,
total drag Crp installation - stresmline drag

free-5tretundynamic pressure , squsre feet

Dt total drag at in5tallation,  pounds



.

TWA RM No. E2FlOa 3
.

g

H

J

N

P

P

s,
R

shp

Ti
t

VO

wa

B

Y

6

8

acceleration due to gravity, feet per second per second

enthalpy, Btu per pound

mechanical. equivalent  of heat, foot-pound5 per Btu

engine speed, m

total pressure, pounds per square foot absolute

static pressure, pounde per square foot abeolute

free-stream dynamic pressure, pounds per equsre foot

gas con5tsnt

shaft horsepower (excluding friction homepower and
gear 1055e5)

indicated temperature, oI3

static temperature, OR

.

tunnel airspeed, feet per s.econd

air flow, pounds per second

propeller-blade angle at 72-inch radius, degrees

ratio of specific heats for air

ratio of tunnel-test-section static ~essure to pressure
of NACA standard atmosphere  at sea level

ratio of tunnel-test-section absolute static temperature
to absolute tmperature of NACA standard atmosphere
at sea level

Subscripts:

0 tunnel-test-section free air stream

1 wing-duct inlet

2 compressor inlet

3 ccanpreasor  outlet
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4 compressor-outlet  elbow

5 turbine inlet

6 turbine outlet

7 exhaust-cone  outlet

8 tail-pipe-nozzle outlet

The followkg parsmeters are generalized to IUCA standard sea-
level conditions:

N/O corrected euglne speed, rpm

tWa fib corrected air flow, pounds per second

(AP) /a corrected total-pressure drop across combustion chambers,
pound5 per square foot

The shaft horsepower delivered to the engine under windmilling
conditions, excluding friction horsepower and gear losses, Is appwoxl-
matedbythe change in energy of the airflovringthroughthe engine

ehp - (1)

where Wa,2 wss obtaked frown the equation

wa,2 = A2 P2

The static temperature  is given by the equation

(2)

(3)
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The constant 0.85 in equation (3) is the thermocouple impact
recovery factor, which was experimentally determined. Air flows
measured at the compressor inlet were used in the calculations
*because they were more consistent then measuremente at the wing-
duct inlets or the tail-pipe survey rake. Values of enthalpy used
in equation (1) were obtained from rderence 2.

A complete tabulation of the windmilling data is pesented in
table I. Windmilling  performan e characteristics  are presented in
figures 4 to 12 and pressure surveys thraughout the installation
are shown fn figures 13 to 19. No correction has been made for
tunnel blocking effects. These effects are believed to be negli-
gible at high propeller-blade eplgles, but data obtained at low
blade angles may be affected.

Windmilling performance  characteristics.  - Engine windmilling
speeds obtained at several airspeeds and altitudes  are shown in
figure4 as afunction& propeller-blade angle. Amaximumwind-
milling speed of 13,100 qxu was obtained at an altitude cf 35,000 feet,
atrue airspeedof 269miles per hour, and a propeller-blade engle
of 16O (fig. 4(d)). For allsimulatedflightconditions,  themaxi-
mum windmilling speeds were obtained at propeller-blade anglee from
10' to 16O. The data in figure 4 were cross-plotted and extrapolated
to determine  the true airspeed at which the rated engine speed of
13,000 r~pn would be obtained for any popeller-blade  angla,in the
operating range of 4O to 46O (fig. 5). At a true airspeedY
500 miles per hour, the rated engine speed would be exceeded for
all blade angles from about 5o to 410. The desirability of feather-
lng is evident.

Windmilling shaft horsepowers, as determined from the enthalpy
rise of the air between the ccqre55or inlet end the tail-pipe-
nozzle outlet, are shown in figures 6 and 7 as functions af engine
windmilling speed rend propeller-blade angle, respectively.  Gear
losses, which vary fraan 20 horsepower at 4COO rgm to 100 horsepower
at 13,000 rm, are not included in the shaft horsepowers given.
The different  values of windmilling shaft horsepower at a given
engine speed infigure 6 aretheresultof reduced engine airflow
caused by hi& pressure losses acroes the propeller disk at low
blade angles.

Maximumwindmillingshsfthorsepowers  occurredinarenge  af
propeller-blade snglee from loo to 16O. A value of 612 shaft horse-
power was obtained at an altitude of 15,000 feet, a true airspeed M
209 miles per hour, snd a propeller-blade angle of 12O (fig. 7(b)).
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Alrflowthroughthe engine is glvenas afunotion of engine
WindmIlling speed In figure 8. A plot of the same data in general-
ized form in figure 9 shows that the use of generalizing factors
give6 good results. Air flows obtained at windmilling conditions
and at operating conditions are very nearly the same.

The corrected total-pressure  drop aoross the combustion chembers
as a function of aorrected  engine speed is shown in figure 10. These
data also generalized  very well.

The variation of windmIlling-drag coefficient tith popeller-
blade angle is ehown in figures 11 end 12 for various altitudes and
air8peeds, respectively. Maxiaann values occurred at a blade angle
of about 8O. Bor blade angles less than 12O, the VindmIlling-drag
coeffioients  decreased with lnoreasing  altitude (fig. 11). The
effect of change in airspeed wss relatively small (fig. 12). At en
altitude of 35,000 feet, a true airspeed of 273 miles per hour, and
a propeller-blade  angle cf 38O, the windmllling-drag horsepower of

VOthe installation  550 was 565. When the blade angle was decreased
to 6O with atrue airspeed inthetunnelof cmly 255miles perhour,
the drag horsepower lnareased  to 2647.

Pressure distribution. - Average total and static pressure8
throughout the engine sre shown in figure l3 for a range of alti-
tudes from 5000 to 35,009 feet. The data are shown for a propeller-
blade angle af 12O, at which engine speeds near the maximum ocourred
for all flight oond%tions. The mssure distribution may be sune-
what affeoted by variations  in blade angle owing to dlffermces in
the blocklng effect of the propeller. Engine winamillfng speeds
vemied from 4100 to 13,000 rpsn. Under all oonditlons, pressure
drop ooourred aoross the lsstfewstages of the compressor. The
number aF oompressor  stages through whloh the pressure dropped
decreased with lnoressing engine speed. Increases In total pres-
sure indioated  between stations 6 and 7 are attributed to mis-
alinement of the air flow with respect to the instrumentation at
the turbine outlet.

Detailed surveys at the measuring stations are shown in
fIgurea 14 to 19 for altitudes from 5000 to 35,000 feet and true
airspeeds from 102 to 269 miles per hour. Data obtained at 5000 feet
are presented for a propeller-blade  angle of' loo and the data at
other altitudes for a propeller-blade  angle of 12'. These data
represent en@ne windmilling speeds verying from 4100 to l3,OOO rpn.
Separation of' the air flow on the inner side of the left-d-t upper
lip In figure 14 18 indicated  by the low total pressures  at the top



ITACA RM I?o. EEIFlOa 7

.

of rakes 1 to 4. Under power-on conditions  this seperatlon ooourred
at the right duet inlet. Separation in both cases was the result
of misalinePnent of the duet upper lip with respect to the approach-
ing streamlines. This misaliwment was apparently caused by the
rotational component of velooity imparted to the airstream in pass-
ing through the propeller disk, Separation ooourred under wind-
milling conditions for propeller-blade angles between 4O and 200.
Large circumferential velocity gradients existed at the oanpressor
outlet, with variations in impaot peesure around the compressor
outlet amounting to approxim8tely 150 pounds per square foot.
Inasmuch as the pressures measured at the turbine outlet in the
windmill- investigation were unreliable, pressure surveys are not
shown for that station. The average values, however, are included
in table I.

A total-pressure distribution fn the vertical plane at the
tail-pipe-nozzle outlet was very uniform at low windmilling  speeds,
but at high speeds variations  & 3 peroent in the absolute values
were found (fig. 19). Athiaengine speeds, scmewhathighertotal
pressures  weremeasuredacrossthelower portionof thetailpipe.

An investigation & the winamilling dmraoteristios  d' an
axial-flow gas turbine-propeller engine was conducted in the
Cleveland altitude wlsd tunnel for a range of altitudes from 5000
to 35,090 feet, true airspeeds frcm 100 to 273 miles per hour, and
propeller-blade angles from 4' to 46O. The following results were
obtained:

1. A windmilling speed of 13,000 rpm ~88 obtained at sn altl-
tude of 35,000 feet, a true airspeed of 267 tiles per hour, and a
propeller-blade angle of E". Excessive engine speeds would be
obtained under windmilling condttions for propeller-blade angles
from about 50 to 41° at a true airspeed of 500 miles per hour.

2. The very high drag valuea obtained under windmilling condi-
tions made the feathering of the propeller of an inoperative  engine
desirable. At au altitude of 35,090 feet, a true airspeed of
273 miles per hour, and a propeller-blade angle of 38O, the drag
horsepower of the test installation was 585. When the propeller-
blade angle was deoreased to 6O, with a true airspeed in the tunnel
of 255 miles per hour, the drag horsepower of the installation
inoreased to 2645.

3. For all conditions, maxLmum engine windmilling speed was
obtained at propeller-blade angles between loo and 160.
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4. Applioation of generalizkg factors to engine tindmilling
speed, air flow, and combustion-chamber total-pressure drop gave
good results.

5. The maximum windmil.l~ shaft horsepower obtained (not
inoluding gear losses) was 612. This power was absorbed at en
altitude of 15,000 feet, a true airspeed of 209 miles per hour,
and a propeller-blade  angle of X0.

Flight Propulsion Research Laboratory,
National Advisory Ccmunittee for Aeronautics,

Cleveland, Ohio.

1. Ssarl, Martln J., and Walker, Lewis E.: PrelimkuzyResults of
an Altitude-Wind-Tunnel  Investigation af an AHal-Flow Gas
Turbine-Propeller Es@ne. I - Performance Charaoterietics.
NACA RM No. E6F10, 1946.

2. Keenan, Joseph II., and IBye, Joseph: Thermodynamlo Properties
of Air. John Wiley and Sons, Inc., 1945, pp. 3-33.
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.
:

figure 3. - lnstal lation of axial-flow gas turbine-propeller  engine
showing wing duct inlets.
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(b) Altitude, 16,000 feet.

.
Figure 4. - Variation of engine  windmi II ing speed with propet ler-blade

angle and approximate true airspeed.
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Figure 4. - Concluded, Variation of engine windmi l l ing speed with pro-
pel I er-blade  angl e and approximate true ai rspeed.
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Figure 5. - Relation between true airspeed and propeller-blade angle at
engine speed  of 13.000  rpm. I Data cross-plotted and extrapolated  from
f i g .  4.1
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Figure 6. - Variation of windmil I ing shaft horsepower  with engine speed
for various propel I er-bfade angles.
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Figure 7. - Variation of windmil I ing shaft horsepower  with propeller-
blade angle.
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Figure 7. - Concluded. Variation of windmi  I ling shaft horsepower with
propel  I er-bl ade angl e.
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Corrected engine windmllllng  speed, rpm

gure 9. - V a r i a t i o n  o f  c o r r e c t e d  e n g i n e  a i r  f l o w  w i t h  c o r r e c t e d  e n g i n e  w i n d m i l l  i n g  s p e e d .
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Figure  10. - Variation of corrected pressure  drop.across  combustion  chambers  with corrected engine
wi ndmi I I i ng speed, Y
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Figtire I I .  - V a r i a t i o n  o f  w i n d m i l l i n g - d r a g  c o e f f i c i e n t  with p r o p e l l e r - b l a d e  a n g l e  f o r  s e v e r a l  alti- i
tu des. True ai fspeed, 153 mi I es per hour.

.
.



.
I

.

gc

k’ 5(
I
Ba4.s
ssc
ii
$% 2C

2rl

s
g 1c

a
4 a 12 16 20 24 2a - -Repeller-blade  angle, ft, deg ,

f
?
E
F.
mm7-l
0'pl
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Figure 13. - Variation of average  total and static pressures through en-
gine. Propel I er-bl ade angle, 120,
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